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Foreword
The consequences of plasmons, collective excitations of the electron plasma
in conductive materials, have been appreciated for centuries — if not mil-
lenia, just witness the beautiful ancient colored glasses which are found
in museums and churches. There, the colors originate from localized sur-
face plasmonic excitations in nanoscale metallic particles. This old ex-
ample crystallizes the essence of modern plasmonics: on one hand, one
needs surfaces, and on the other hand the active objects should be in the
nanometer scale. Graphene, the wonder material of the 21st century, is two-
dimensional and therefore all surface; it is just one atomic layer thick and
by using modern nanofabrication technologies it can be sculpted laterally
to nanoribbons or nanoflakes. Graphene has very special optical proper-
ties, which stem from its fascinating Dirac-like electronic dispersion law its
charge carriers obey. It is no wonder then that graphene plasmonics is an
important and growing area of research. Most importantly, it holds the
promise of many practical applications, for example in plasmonic circuitry,
nanophotonics, and sensing, just to mention a few.
This is a book on graphene plasmonics. It originates from a group that
is world-known for its research in this area — who would be better qualified
to write such a book? Students entering graphene plasmonics have had a
difficult time in navigating between original research articles, which rarely
are particularly pedagogical in their approach, and text books addressing
plasmonics (many of which are excellent), but usually having conventional
metals as the working material. The present book thus fills in an impor-
tant gap. Now, all the relevant material is collected in a single volume.
What is essential is that the material is thoroughly worked through: the
approach is extremely systematic, all equations follow from previous equa-
tions in a manner that a dedicated student can easily follow. The technical
vii
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level of the book is accessible to an advanced undergraduate or a begin-
ning graduate student, but experienced researchers will also benefit from
the many insights it offers. It starts with an introduction to Maxwell’s
equations, and thereafter works its way towards graphene, and the nano-
structures made of graphene. The very important issue of interfaces and
two-dimensionality is given an exhaustive treatment. Underway the quan-
tum mechanical description of graphene’s electronic structure is developed,
including effects due to applied magnetic fields, and central topics in many-
body physics are discussed (and further explained and elaborated in useful
appendices). With the basic concepts at hand, the reader is taken to the
frontier of today’s research: plasmons in nanostructured two-dimensional
materials, such as arrays of microribbons, nanorings, and gratings. The
excitation mechanisms needed to launch plasmons and plasmon-polaritons
are discussed, as well as methods that are required to observe the excited
plasmons. The authors should be congratulated for having accomplished an
important task: to offer a self-contained and complete, yet accessible, treat-
ment of a modern area under rapid progress. Armed with the knowledge
extracted from this book tomorrow’s students are ready to tackle the many
exciting opportunities and challenges that plasmonics in two-dimensional
materials offer.
Antti-Pekka Jauho,
Technical University of Denmark,
2016
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Preface
Over the last few years, graphene plasmonics has emerged as a new re-
search topic, positioned at the interface between condensed matter physics
and photonics. This still young but rapidly growing field, resulting from
the overlap between graphene physics and plasmonics, deals with the inves-
tigation and exploration of graphene surface plasmon-polaritons (GSPs)
for controlling light-matter interactions and manipulating light at the
nanoscale.
In 2011, experimental research in plasmonics in graphene was in its
infancy. Some theoretical papers had already been written, but the field
was awaiting for some sort of experimental boost. In 2011 a seminal ex-
perimental paper (to be discussed in Section ??) emerged, demonstrating
that plasmonic effects in graphene could be controlled optically, by shining
electromagnetic radiation onto a periodic grid of graphene micro-ribbons.
This opened a new avenue in graphene physics, launching the new flourish-
ing field of graphene plasmonics. Since then, the field has been witnessing
enormous developments at a rapid pace (to be described in Section 1.2).
This is a book on plasmonics in graphene. It grew out of the authors’
own interest in the field. Many of the topics covered here refer to problems
that were amongst the first to appear in the scientific literature, to which
one of the authors has contributed to some extent. Throughout this mono-
graph we have tried to make this book as self-contained as possible, and
to provide substantial detail in all derivations. Indeed, with a pencil, some
sheets of paper, a dose of enthusiasm, and, at times, a bit of effort, the
interested reader should find it easy to reproduce all the results in the book
(the Appendices will be most useful for such endeavor). Therefore, we hope
that this book will serve as a springboard for any newcomer in graphene
ix
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plasmonics. Hopefully, the advanced researcher may also find reasons to
keep this book in her/his shelf and to recommend it to her/his students.
This is also a book about theoretical techniques to deal with plasmonics
in graphene. Many of these techniques have been applied to metal plas-
monics before and have been adapted here to tackle plasmonic effects in
graphene. The main difference is that metals are described by a complex
dielectric function, whereas graphene is described by its complex (non-local
whenever necessary) optical conductivity and its sheet (two-dimensional)
current.
The book is organized as follows: in Chapter 1 we introduce the theme
of the book and present a short review of the literature. We have surely
missed some important references and can only hope for the indulgence
and comprehension of their authors. This might be specially true in what
concerns theoretical and computational work (the literature is already too
vast to be covered in a comprehensive way). In Chapter ?? we review some
elementary concepts about electronic transport in solids, give a short intro-
duction to graphene’s electronic properties, and present some tools to be
used later in the book, with particular emphasis on a method to compute
the non-local optical conductivity of graphene from the electronic suscep-
tibility in the relaxation-time approximation. Chapter ?? discusses plas-
monics at metal-dielectric interfaces and in metal thin films. The results
obtained there will be later compared with those found in graphene. Both
the semi-infinite metal and the thin metal-film are discussed. In Chap-
ter ??, we finally dive into the field of graphene plasmonics and discuss
plasmons both in single- and double-layer graphene. The interesting prob-
lem of coupled surface plasmon-phonon-polaritons is also discussed in that
Chapter. A short introduction of magneto surface plasmon-polaritons is in-
cluded, considering both the semi-classical and quantum regimes. We close
the chapter with the study of guided (bounded) surface phonon-polaritons
in a crystal slab of hexagonal boron-nitride (hBN), a problem very recently
considered in the literature and one for which many future developments
are expected.
As we shall see, surface plasmons cannot be directly excited in graphene
by free propagating electromagnetic waves (as is also the case in planar
metal-dielectric interfaces). Thus, in Chapter ?? we review some of the
most popular methods of inducing surface plasmon-polaritons in this two-
dimensional material (which are also used in traditional metal-based plas-
monics). We then move to a detailed study of two methods for exciting
plasmons in graphene. These are discussed in Chapters ?? and ??, encom-
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passing the excitation of GSPs by a metallic antenna and by coupling light
to GSPs in a patterned array of graphene ribbons. The discussion of the
periodic graphene ribbons system sets the stage for the discussion of the
spectrum of surface plasmons in graphene micro-ribbons, micro-rings, and
disks. This is done in Chapter ??, where the case of a micro-deformation
of the graphene sheet is also discussed, taking as an example the prob-
lem of a Gaussian groove. This latter case can be considered an example of
nano-structured graphene. These three problems are considered in the elec-
trostatic limit, which turns out to be a rather good approximation when
dealing with plasmons in graphene. As we shall show they exhibit scale
invariance, a property of the electrostatic limit. It then follows, in Chap-
ter ??, a discussion of the excitation of plasmons by a corrugated dielectric
grating, which is a generalization of the single micro-deformation studied in
the preceding chapter to the case of a periodic deformation. In this case, the
calculation takes retardation into account, but could very well be treated
within the electrostatic approximation. Despite some differences, the four
methods discussed in Chapters ??, ??, ??, and ?? have in common the de-
composition of the fields in a superposition of Fourier modes, either using a
Fourier series, for periodic structures, or a Fourier integral for non-periodic
systems. In Chapter ?? we discuss how an emitting dipole (for example,
a dye, a quantum dot, or a Rydberg atom) can excite graphene plasmons
by non-radiative energy transfer from the emitter to graphene. We will see
that this is in principle possible, and we compute the non-radiative decay-
ing rate of an emitter. The role of particle-hole processes and excitation of
plasmons is discussed separately. We end this Chapter with the calculation
of the Purcell factor which encodes information about the total decaying
rate of the emitter in the presence of graphene. Finally, in Chapter 2, we
conclude with a brief outlook and with the discussion of some topics that
have been left out in this book, and which we believe will become rather
important in the near future. Also, we have written a number of appen-
dices with either details of the calculations or extensions of the materials
discussed in the bulk of the book. To get a flavor of the main ideas, reading
the appendices is unnecessary. However, they are a requisite for a working
knowledge on the topics discussed in the main text.
Our ultimate hope is that readers may find this book a valuable tool
for their study and research in the exciting field of graphene plasmonics
and nanophotonics, whether they are currently working on the topic or are
about to enter on it. The book’s intended purpose is to bring together
some of the main topics that are scattered throughout the already vast
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literature, and to do justice to this alluring field of graphene plasmonics.
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To conclude, we further hope that the readers may read this book with
the same enthusiasm that we had writing it. Comments, suggestions, and
corrections aiming at improving the book for future usage will be most
welcome (these can be sent to peres@fisica.uminho.pt).
Paulo André Dias Gonçalves
Nuno Miguel Machado Reis Peres
Department of Physics
University of Minho
Braga, 2016
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Chapter 1
Introduction
Plasmonics holds many promises [Atwater (2007)], such as plasmonic inte-
grated circuitry [Sorger et al. (2012)], nanophotonics (e.g., plasmonic an-
tennas) [Dionne and Atwater (2012)], all-optical manipulation of small par-
ticles [Quidant (2012)], quantum plasmonics [Jacob (2012); Hanson et al.
(2015)], spin-polarized plasmonics [Toropov and Shubina (2015)], and plas-
monic hot-spots [Weber and Willets (2012)], just to name a few. Whether
graphene will be able to fulfil some of these promises remains to be seen,
but current prospects are encouraging. This book is about plasmonics in
graphene and about the methods to excite and control surface plasmons in
this material. Below, we give a brief account of some of the recent devel-
opments in the field.
1.1 Plasmonics: Generalities
The recent burst of interest in plasmonics may overshadow the fact that
plasmon-related effects can be traced back to the turn of the twentieth
century with the works of A. Sommerfeld and J. Zenneck on the propaga-
tion of electromagnetic waves along the surface of a conductor [Sommerfeld
(1899); Zenneck (1907)]. Concurrently, in 1902, R. H. Wood reported the
observation of anomalous intensity drops in the spectrum of visible light
diffracted by a metallic grating, which became known as Wood’s anoma-
lies [Wood (1902)]. However, Wood was unable to develop any suitable
interpretation for this phenomenon. The first effort towards a theoretical
interpretation of Wood’s results was conducted by Lord Rayleigh [Rayleigh
(1907)], albeit with limited success, and was followed by the works of Fano
a few decades later [Fano (1941)]. Fano’s work was subsequently improved
by many [Enoch and Bonod (2012)]. Some of these breakthroughs took
1
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place during the 1950s and 1960s [Hessel and Oliner (1965); Ritchie et al.
(1968)], along with the development of the concept of surface plasmon-
polariton and its excitation both via the use fast electrons [Powell and
Swan (1959); Ritchie (1957)] and through prism coupling1 [Kretschmann
and Raether (1968); Otto (1968); Sambles et al. (1991)] (see [Gupta et al.
(2015)] for an historical perspective on plasmonics).
Surface plasmon-polaritons (SPPs) are electromagnetic surface waves
coupled to collective charge excitations of the conduction electrons, propa-
gating along the interface between a dielectric and a conductor. When these
coupled excitations occur in metallic nanostructures —such as nanoparti-
cles (NPs)—, the corresponding non-propagating plasmon-polaritons are
generally coined as localized surface plasmons (LSPs) [Pelton et al. (2008);
Pelton and Bryant (2013); Stockman (2011)].
Notwithstanding, modern plasmonics as we know it emerged in the turn
of the 21st century with the observation by T. W. Ebbesen et al. of an “ex-
traordinary optical transmission through subwavelength hole arrays” in a
periodically patterned metal film [Ebbesen et al. (1998)]. Shortly after this
seminal paper, a theoretical account of this experiment was developed in-
voking the role SPPs [Martín-Moreno et al. (2001)]. One notable feature of
SPPs modes is that their momentum is larger than light’s momentum cor-
responding to photons with the same frequency [Maier (2007)]. As a conse-
quence, SPPs are bound modes whose fields decay exponentially away from
the interface, exhibiting subwavelength confinement [Barnes et al. (2003)]
and field enhancement (which can be of several orders of magnitude larger
than the value of the incident field) beyond the reach of conventional op-
tics [Barnes et al. (2003); Barnes (2006); Maier (2007)]. Thus, plasmonics
opened up the possibility for manipulating light and control light-matter in-
teractions at scales well below the diffraction limit (and at the nanoscale),
being one of the most promising research topics in the field of nanopho-
tonics and also an important ingredient in the design and implementation
of metamaterials [Kabashin et al. (2009); Liua and Zhang (2011); Billings
(2013)].
Nowadays, plasmonics plays a leading role towards the miniaturization
1Otto and Kretschmann-Raether are often considered as the first to excite SPPs in
metal thin films using a prism. The fact, however, is that Turbadar was the first to
excite surface plasmon-polaritons in aluminium (and later in silver and gold) thin films
using the prism coupling method [Turbadar (1959)]. However, and contrary to Otto and
Kretschmann-Raether, he did not correlated the minimum in the reflectance with the
excitation of SPPs.
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of photonic structures and circuitry [Ebbesen et al. (2008)], along with their
integration with current semiconductor technologies [Ozbay (2006)]. For
telecommunications and/or information processing photonics offers high
speeds and large bandwidths, but albeit at a cost, since bulky components
—at least in comparison to chip-based nanoelectrics— are the rule; on the
other hand, although electronics provides the much-wanted miniaturization
and good carrying capacities, its ability to deal with huge amounts of infor-
mation is limited by the number of connections, resulting in transmission
bottlenecks. Therefore, the hybrid nature of SPPs (being “half-light, half-
matter” bosonic quasiparticles, i.e. polaritons) makes them an attractive
route to close the gap between photonic and electronic circuits, by combin-
ing the advantages of both “worlds”.
The revival of the field over the past decade was, to a large extent, due to
a rapid development of nanoscale fabrication techniques and experimental
tools, together with the implementation of powerful numerical modelling
based on full-wave electromagnetic simulations. These triggered the emer-
gence of a plethora of exciting applications (which are often strong motiva-
tors by themselves), such as spectroscopy and biochemical sensing [Anker
et al. (2008); Kabashin et al. (2009); Brolo (2012); Haes et al. (2005)], op-
tical tweezers [Reece (2008); Juan et al. (2011)], photovoltaics and energy
harvesting [Green and Pillai (2012); Boriskina et al. (2013)], diagnostics
and nanomedicine [Aćimović et al. (2014); Zheng et al. (2012); Vo-Dinh
et al. (2013)], SPP-based amplifiers and lasers [Berini and Leon (2012);
Ma et al. (2013)], Fourier and transformation optics [Archambault et al.
(2009); Huidobro et al. (2010); Zhang et al. (2011)], etc. Yet, the field
of plasmonics is far from being exhausted and continues to thrive. Re-
cently, special attention has been given to forefront research themes includ-
ing ultrafast plasmonics [MacDonald et al. (2009)], non-linear phenomena
with SPPs [Kauranen and Zayats (2012)] and quantum plasmonics [Tame
et al. (2013); van Hulst (2012); Jacob (2012)]. This latter field studies
the quantum properties of SPPs, setting up novel ways to investigate new
fundamental physics and to fuel the prospection for plasmonic devices op-
erating in the quantum regime [Jacob and Shalaev (2011); Chang et al.
(2006)]. Several quantum optics experiments with SPPs have been reported
[Heeres et al. (2013); Fakonas et al. (2014); Di Martino et al. (2014); Cai
et al. (2014)], demonstrating the maintenance of quantum coherence and
unitarity in (quantum) photonic systems, despite the macroscopic, collec-
tive nature (encompassing ∼ 106 electrons) of SPPs [Tame et al. (2013)].
New frontiers in metal-semiconductor plasmonics are discussed in [Toropov
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and Shubina (2015)] and a modern introduction to plasmonics is given in
[Maradudin et al. (2014)]. The interested reader in localized surface plas-
mons may want to check [Klimov (2014)].
1.2 Plasmonics: Recent Developments
In the present book we are concerned with graphene as a plasmonic mate-
rial —graphene plasmonics [Bludov et al. (2013); Grigorenko et al. (2012);
Low and Avouris (2014); de Abajo (2014); Luo et al. (2013); Koppens et al.
(2011); Stauber (2014)]. Isolated in 2004 [Novoselov et al. (2004)], graphene
—a two-dimensional (2D) crystal made up of carbon atoms arranged in a
honeycomb lattice— has been, in the last decade, one of the hottest topics
in condensed matter physics, owing to its remarkable electronic, mechani-
cal, and optical properties [Geim (2009); Castro Neto et al. (2009)]. As in
the case of plasmonics, the number of publications on graphene physics has
escalated during the past decade. However, the two fields have evolved quite
independently up until very recent times. In fact, the bridge between both
these subjects was well-established only as recently as in 2011, motivated by
the experimental realization of graphene surface plasmon-polaritons (GSPs)
in periodic arrays of graphene ribbons, obtained by patterning a pristine
graphene sheet [Ju et al. (2011)]. This foundational work has sparked a
whole interest in graphene nanoplasmonics, setting the stage for the inves-
tigation of graphene as a novel plasmonic material.
Doped graphene is capable of sustaining SPPs [Jablan et al. (2009); Blu-
dov et al. (2013); Jablan et al. (2013); Ju et al. (2011); Yan et al. (2013);
Strait et al. (2013); de Abajo (2014); Christensen et al. (2012)], which can be
actively controlled and tuned through chemical doping or electrical gating,
almost in real time. This contrasts with conventional metal-based plasmon-
ics [Toropov and Shubina (2015)], where the tunability is usually limited—
it can be only achieved, essentially, by controlling the size, the shape, and
the dielectric environment of metallic nanoparticles (the polarization of the
electric field also plays a role), the geometry of metal-based nanostructures,
or by exploring the thickness of thin films of noble-metals. Furthermore,
graphene surface plasmon-polaritons enable higher levels of spatial confine-
ment (within volumes of the order of ∼ α−3 ≈ 106 below the diffraction
limit; here α is the fine structure constant of atomic physics) and are pre-
dicted to suffer from relatively low losses2, therefore having larger lifetimes
2See [Yan et al. (2013)] for a discussion of the damping channels of plasmons in graphene
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and propagation lengths, when compared with traditional plasmonic mate-
rials. This makes graphene an appealing candidate for nanoplasmonic and
nanophotonic applications. The spectral region of graphene plasmonics has
been restricted to the terahertz (THz) and mid-infrared (mid-IR), a region
that traditional metal-based plasmonics cannot cover, since the SPP’s in a
continuous metallic film are essentially free radiation at such frequencies,
therefore lacking a key advantage of SPP’s in graphene, the strong spatial
confinement.
As is well known, the electrons in graphene are described by a massless
Dirac equation, contrary to the 2D electron gas. The spectrum of SPPs’
in graphene provides an indirect confirmation of the form of the disper-
sion of electrons in this material. Although the frequency of GSPs scales
with momentum as √q like in the classic 2DEGs (two-dimensional electron
gases), the GSP frequency is proportional to the electronic density as n1/4e ,
which is specific of graphene (for 2DEG, a n1/2e scaling is observed instead).
This is a direct consequence of the unique electronic properties of graphene,
whose electrons behave like relativistic Dirac fermions with a linear disper-
sion [Castro Neto et al. (2009)] (this is true at low energies, that is, in the
vicinity of the Dirac points). Another peculiarity of graphene is its ability
to support transverse electric3 (TE) modes [Mikhailov and Ziegler (2007)],
which do not occur in ordinary metal/dielectric structures [Maier (2007)].
The frequencies of transverse magnetic (TM) GSP typically lie between
the THz and mid-IR regions of the electromagnetic spectrum. While the
THz spectral region remains relatively unexplored, THz photonics has be-
come an active field of research over the last few years [Mittleman (2013)].
Here too, graphene plasmonics may contribute to the development of this
subject [Tassin et al. (2013); Low and Avouris (2014)]. For instance, a
geometry akin to the one described in [Ju et al. (2011)] together with sub-
wavelength bimetallic electrodes has recently been engineered to achieve
plasmon-enhanced THz photodetection using graphene [Cai et al. (2015)].
Having passed its infancy, one may state that graphene plasmonics is
nanostructures; see [Khurgin and Boltasseva (2012)] for a discussion of the same topic
in metal-based plasmonics and metamaterials as well as their possible replacement by
conducting oxides and transition metal nitrides
3We bring to the reader’s attention that, up to this point, whenever we mentioned
SPP/GSP it was implicit that we were referring to transverse magnetic modes. This will
also be the case throughout the rest of the book, unless explicitly stated otherwise.
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now entering its young adult life (in fact, it is maturing rather fast). Yet,
during these early stages of the field, there were already some remarkable
achievements that took place which might be worth mentioning. Apart
from the above-referenced excitation of GSPs in periodic gratings made
up of graphene stripes [Ju et al. (2011); Strait et al. (2013); Yan et al.
(2013); Nene et al. (2014)], other experimental landscapes for coupling
light to GSPs were also explored, ranging from graphene disks [Fang et al.
(2013, 2014); Yan et al. (2012c)], dimers [Christensen et al. (2012); Thon-
grattanasiri and de Abajo (2013)], resonators [Brar et al. (2013, 2014)],
rings [Fang et al. (2013); Yan et al. (2012c)], periodic dot/anti-dot lat-
tices [Yan et al. (2012a); Fang et al. (2013, 2014); Liu et al. (2015b); Yan
et al. (2012c); Zhu et al. (2014)], stacks of graphene disks/ribbons [Yan
et al. (2012a,c)], periodically modulated or corrugated graphene [Peres et al.
(2012); Slipchenko et al. (2013)], continuous monolayer graphene resting in
dielectric gratings [Gao et al. (2013); Zhu et al. (2013c); Gao et al. (2013)],
nano-antennas [Liu et al. (2014); Llatser et al. (2012); Yao et al. (2013);
Fang et al. (2012a,b); Alonso-González et al. (2014)], among others [Koch
et al. (2010); Fei et al. (2011, 2012); Chen et al. (2012)]. Moreover, the
unique tunability of GSPs was demonstrated in these experiments, through
the shifts of plasmon resonances in response to changes in the amount
of doping induced via electrical gating. Indeed, this enables high-speed
electro-optical modulation by taking advantage of the capability of sig-
nificantly (and quickly) alter graphene’s optical properties using electric
gates [Sensale-Rodriguez et al. (2012); Lee et al. (2012); Li et al. (2008)].
Also, the complete absorption of light in periodic arrays of doped graphene
nanodisks, which may have strong implications in photovoltaics and light
harvesting platforms, has been predicted in a theoretical work [Thongrat-
tanasiri et al. (2012a)]. This constitutes a truly astonishing result taking
into account that this is a one-atom-thick material.
A particularly tantalizing and very application-oriented approach, in-
volves the use of GSPs to grant us graphene with bio and chemical sensing
capabilities [Wu et al. (2010); Vasić et al. (2013); Zhao et al. (2013); Zhang
et al. (2013); Wu et al. (2014a); Rodrigo et al. (2015)] (see also [Brolo
(2012)]). The general idea behind the concept of a plasmonic sensor is to
explore the subwavelength confinement and enhancement of the electromag-
netic field to probe small changes in the local dielectric environment, given
that the SPP/LSP resonant frequencies are highly sensitive to the optical
constants of the contiguous medium [Anker et al. (2008)]. For instance,
the adsorption of biomolecules on the surface of graphene promotes a sub-
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tle modification of the effective refractive index of the sensing medium,
which can be detected by measuring the corresponding spectral shifts of
the plasmon resonances [Zhao et al. (2013)]. Here, the aim is to target
graphene’s potential to yield surface plasmons with superior spatial confine-
ment and intense fields to pave the way for cutting-edge, high-performing
plasmonic sensors that surpass costumary noble-metal plasmonic devices
[Rodrigo et al. (2015)].
Another highly appraised and auspicious phenomenon is surface-
enhanced Raman scattering (SERS) in plasmonic nanostructures [Kneipp
(2007)]. This spectroscopic technique has been one of the most compelling
applications of plasmonics, since it enables an exceptionally sensitive de-
tection of low concentration of analytes and even label-free single molecule
detection [Sharma et al. (2012); Crozier et al. (2014); Stiles et al. (2008);
Schlücker (2014)]. In recent years, it has become popular to build hybrid
SERS platforms resulting from the combination of graphene with metal-
lic nanostructures, with the purpose of exploiting graphene’s outstand-
ing optoelectronic properties to enhance the Raman signal and also to
assist the quantitative assessment of the different SERS mechanisms [Xu
et al. (2012b); Wang et al. (2013)]. Graphene-mediated SERS (G-SERS)
was reported in a number of experiments [Wang et al. (2012); Ling et al.
(2010); Liu et al. (2011a); Urich et al. (2012); Heeg et al. (2013); Kravets
et al. (2012); Zhao et al. (2014); Wang et al. (2013); Zhu et al. (2013b)],
along with the observation of enhancement factors spanning from about
100 [Urich et al. (2012)] (for monolayer graphene with Ag nanoislands) or
1000 [Heeg et al. (2013); Kravets et al. (2012)] (for graphene on top of a
Au nano-disk dimmer and plasmonic nanoarrays), up to values as high as
106 [Zhao et al. (2014)] and 1010 [Wang et al. (2013)] respectively for the
dye molecules Rhodamine B (RhB) and Rhodamine 6G (Rh6G) in a Au-
NPs/graphene/Cu composite platform, and for Rh6G and lysozyme in a
bio-compatible graphene-Au nano-pyramid hybrid system.
Benefiting from the know-how acquired in the flourishing sub-branch
of plasmonics dealing with metallic nanoparticles [Pelton and Bryant
(2013); Garcia (2011)], the integration of plasmonic NPs with graphene
has emerged as a topic worthy of attention [Fang et al. (2012a); Santos
et al. (2014); Liu et al. (2011b); Fang et al. (2012b); Xu et al. (2012a); Yin
et al. (2013)]. This offers new possibilities for improving the photodetec-
tion of such systems [Liu et al. (2011b); Fang et al. (2012a)], and also for
enhancing the interaction between a polarizable nanoparticle and graphene
[Santos et al. (2014)] by taking advantage of the appropriate resonances in
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their spectra, together with graphene’s tunability. This enhanced interac-
tion, with its strong dependence upon the NP-graphene distance, makes
this system potentially interesting for application in deformation or pres-
sure sensors, as it is technologically feasible to control the deposition of
semiconductor or metallic nanoparticles on graphene [Sun et al. (2011);
Kamat (2010)]. In addition, shifts of surface plasmon resonances (SPRs)
associated with the electromagnetic coupling between graphene and the
nanoparticle(s) have been observed [Niu et al. (2012)], as well as changes in
the SPR linewidth and plasmon-generated hot-electron transfer [Hoggard
et al. (2013); Fang et al. (2012b)].
Beyond traditional noble metal NPs, another research line is connected
with SPP-related physical mechanisms operating in compound systems
of graphene with quasi-zero-dimensional emitters or absorbers, such as
molecules or semiconductor quantum dots (QDs) [Gaudreau et al. (2013);
Biehs and Agarwal (2013); Velizhanin and Efimov (2011); Chen et al.
(2010)]. These architectures yield new routes to investigate the interac-
tion among localized excitations such as molecular or QD excitons and
propagating SPPs in graphene. It has been shown experimentally that
graphene allows for probing the de-excitation dynamics of the emitter
[Gaudreau et al. (2013)] and causes an enhanced Förster resonance energy
transfer from a fluorescent QD [Chen et al. (2010)]; at the same time, a
hybrid graphene–QD phototransistor with ultrahigh gain has been demon-
strated [Konstantatos et al. (2012)]. Theoretical proposals include probing
graphene-mediated control of the coupling between two emitters (Förster
energy transfer [Biehs and Agarwal (2013)] and/or GSP-mediated superra-
diance [Huidobro et al. (2012)]), studies of the GSP dispersion [Velizhanin
and Efimov (2011)], and enhancement of radiation absorption in graphene
using nanoparticles [Liu et al. (2011b); Zhu et al. (2013a)].
All of the above has placed graphene on the map as a fertile play-
ground for nanoscale plasmonics. Aside from the research avenues out-
lined in the preceding paragraphs —including the excitation and control of
GSPs in a number graphene-based structures, analysis of the NPs- and QD-
graphene electrodynamics, potential applications in biochemical sensing,
spectroscopy, electro-optical modulation, and enhanced photodetection and
optical absorption—, further developments have also been made in a vari-
ety of disciplines, encompassing transformation optics using graphene [Vakil
and Engheta (2011)], graphene plasmonic metamaterials [Lee et al. (2012);
Ju et al. (2011); Yan et al. (2012a); Ishikawa and Tanaka (2013)], atomically
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thin waveguiding and optical communications [Christensen et al. (2012);
Vakil and Engheta (2011)], cloaking devices [Chen and Alù (2011)], broad-
band graphene polarizers [Bao et al. (2011)], excitation of GSPs via surface
acoustic waves [Schiefele et al. (2013); Farhat et al. (2011)], realization of
magneto-plasmons in graphene [Crassee et al. (2012); Yan et al. (2012b)]
(see also [Temnov (2012)]), and photothermal therapies for biomedicine
[Lim et al. (2013)], just to name a few.
As we begin to unravel the fundamentals of graphene plasmonics and
to take a glimpse at the physics behind graphene’s strong light-matter
interactions, new research frontiers are already emerging on the horizon.
These include, but are not limited to, the investigation of many-body ef-
fects, namely the interaction of GSPs with other elementary excitations in
graphene (such as plasmon-phonon coupling [Yan et al. (2013); Brar et al.
(2014); Hwang et al. (2010)] and plasmarons [Carbotte et al. (2012)]); a
better understanding of the loss mechanisms affecting GSPs’ lifetimes [Yan
et al. (2013)]; the exploration of strong-coupling regimes in graphene with
single quantum emmiters [Koppens et al. (2011); Manjavacas et al. (2012b);
Gullans et al. (2013); Cox et al. (2012); Manjavacas et al. (2012a); Tielrooij
et al. (2015)]; studies of non-linear phenomena [Gullans et al. (2013); Cox
and de Abajo (2014); Manzoni et al. (201)]; assessment of the importance
of quantum finite-size effects in graphene nanostructures supporting GSPs
[Thongrattanasiri et al. (2012b)], etc. Future perspectives also include the
extension of the pioneering research conducted in graphene nanophotonics
to other 2D crystals and van der Waals heterostructures (layered struc-
tures of atomically thin materials like graphene, MoS2, WeS2, hBN, other
2D chalcogenides, and oxides [Geim and Grigorieva (2013)]). Additional
challenges are comprised with bringing graphene plasmonics towards the
NIR-vis region of the electromagnetic spectrum, along with the demand
of cleaner fabrication techniques. The latter are expected to deliver GSPs
with lower losses while allowing a better control over the morphology and
dimensions of the patterned samples. On the other hand, extreme dop-
ing, ultra-narrow graphene ribbons or disks, and nanometer-sized forms of
graphene (e.g. chemically synthesized polycyclic aromatic hydrocarbons
[Manjavacas et al. (2013)]) have been proposed [de Abajo (2014)] to carry
out graphene plasmons at NIR-vis frequencies.
Although this young and vibrant field still has some demanding chal-
lenges to face, it is now beyond dispute that graphene already deserves its
own place in the list of most promising plasmonic materials of the future.
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Research on graphene plasmonics is intense and likely to remain one of
the hottest topics in nanophotonics in the forthcoming years. In addition,
the exploration of the unique properties of graphene surface plasmons may
lead to a new gold rush with high impact both in fundamental science as
well as in technology and industry, ultimately leading to the appearance
of the next generation of devices with tailored optoelectronic properties
[Yusoff (2014)].
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Chapter 2
Concluding Remarks
The field of plasmonics is growing, as it can be seen from the data-plot in
a recent editorial in Nature Photonics [Editorial (2012)]. In that article it
is shown that the number of publications in plasmonics has been growing
steadily over the last twenty years. Broadly speaking, we can divide the field
of plasmonics according to the nature of the surface-plasmon resonances.
Whenever these resonances occur in localized nano-particles we talk about
localized surface plasmon-polaritons [Willets and Duyne (2007); Pelton and
Bryant (2013); Klimov (2014)]. When they occur at metal/dielectric sur-
faces one usually denotes them as (propagating) surface plasmon-polaritons
[Sarid and Challener (2010)]. In both cases, these plasmonic resonances
have wavelengths below the diffraction limit [Armstrong (2012)] and ex-
hibit intense electric fields. For propagating surface plasmon-polaritons we
are generally interested in the case of propagation along a thin metal film.
Since 2004 the thinnest conductive film available has been a graphene sheet.
It is natural to inquire whether graphene can support propagating surface
plasmon-polaritons [Low and Avouris (2014)] (which can be excited by dif-
ferent methods; see Chapter ?? and [Bludov et al. (2013); Zhang et al.
(2014)]). Indeed, the combination of graphene and plasmonics opened a
new avenue to this exciting field. This recent branch of nanophotonics is
nowadays known as graphene (nano)plasmonics. For example, graphene
plasmons can be used to engineer nanoscale infrared light sources [Man-
javacas et al. (2014)], and intrinsic plasmons on graphene have already
been used for enhancing photodetection [Kim et al. (2014); Koppens et al.
(2014)].
Graphene, however, is not the only two-dimensional material avail-
able these days [Castro Neto and Novoselov (2011); Novoselov and Castro
Neto (2012)]. Many others, as dichalcogenides (MX2), hexagonal boron
11
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nitride (hBN), phosphorene [Low et al. (2014b)], silicene, some oxides, and
graphene multilayers [Low et al. (2014a); Wu et al. (2014b)], are waiting
in line to be explored from the point of view of their electronic properties
and light-matter interactions [Kim et al. (2014); Koppens et al. (2014)].
Indeed, a new class of materials, dubbed “van der Waals heterostructures”
[Geim and Grigorieva (2013)], were conjectured to unleash a number of
both new fundamental physics and new applications unforeseen until re-
cently. On one hand, these new heterostructures [Kretinin et al. (2014)]
can be made of two-dimensional materials (or, for that matter, of few lay-
ers of those materials); on the other hand, can be combined with more
traditional materials, like noble metals [Yamaguchi et al. (2014); Chaves
et al. (2014); Moriya et al. (2015)]. This opens a multitude of possibilities
for light-matter interactions where plasmonics will certainly play a key role.
Since graphene is intrinsically a surface, the coupling of surface plasmons
to surface polar phonons of the underlying substrate, for instance hBN, is
an interesting prospect, leading to hybrid surface phonon-plasmon polari-
tons [Luxmoore et al. (2014); Brar et al. (2014)], which appear as multiple
dispersion branches. Furthermore, it has been shown that plasmons in
graphene encapsulated in hBN possess very low damping [Woessner et al.
(2015)]. Thus, this type of van der Waals heterostructure emerges as a
plasmonic medium with high uniformity. As the field matures, low losses
in plasmons propagation can be translated into long propagation lengths,
which might open new routes for photonic/plasmonic-based communica-
tions and data transfer. On another topic, graphene-dichalcogenides van
der Waals heterostructures, coupled to noble metals plasmonics, seem to
work better as a chemical sensor than the same system in the absence of
the heterostructure [Zeng et al. (2015)] (see also [Kravets et al. (2014)]);
in this case, the plasmonic medium is the noble metal and not graphene,
the latter acting as an intermediate for enhancing light-matter interactions.
Also worth noting is the interaction of surface plasmons with grain bound-
aries in CVD-grown graphene. It has been shown that the reflection of
plasmons at grain boundaries in graphene presents an anomalous scatter-
ing phase (different from pi) [Fei et al. (2013); Nikitin et al. (2014)] (see also
[Sánchez-Gil and Maradudin (1999); Polanco et al. (2013)] for calculations
of SPPs scattering amplitudes in traditional plasmonics).
Strongly related to the field of surface plasmon-polaritons is the emerg-
ing field of surface phonon-polaritons in van der Waals heterostructures,
hBN and hBN/graphene structures being the most studied. Hexagonal
Boron Nitride is a hyperbolic material, that is, the in-plane and the out-
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of-plane dielectric constants have different signs [Jacob (2014); Dai et al.
(2014); Caldwell et al. (2014); Kumar et al. (2015)]. As a consequence,
hBN presents two Reststrahlen bands where free radiation cannot prop-
agate. Within these bands the system behaves like a conventional metal
(as concerns radiation propagation). The existence of these Reststrahlen
bands allows the propagation of surface phonon-polaritons in hBN. When
graphene is deposited on hBN, an additional coupling between the surface
phonon-polaritons in hBN and the surface plasmon-polaritons in graphene
becomes possible, giving rise to tunable plasmon-phonon-polaritons [Dai
et al. (2015)]. These results are opening a new field in van der Waals
heterostructures.
Additionally, with the simple stacking of layered materials, a new de-
gree of freedom enters in the game: the relative rotation of the lattices
associated with different layers [Mishchenko et al. (2014)]. This rotation,
say between a graphene layer on a boron nitride buffer layer, creates an
external potential that splits the graphene bands, leading to the emergence
of further plasmonic branches (dubbed spectrum reconstruction). The new
avenue opened by this additional degree of freedom has not yet been fully
explored [Tomadin et al. (2014)].
Another interesting line of research is that of plasmonics in graphene
nano-structures [Christensen et al. (2014); Cox and de Abajo (2014); Nene
et al. (2014); Wang et al. (2015); Yeung et al. (2014); Zhu et al. (2014)]
or even in nanoparticles coated with graphene [Christensen et al. (2015)]
which may also exhibit non-linear optical response [Peres et al. (2014); Cox
and de Abajo (2015)]. In fact, the non-linear optical response of graphene
has recently been used to excite surface plasmons in this material [Constant
et al. (2015)]. Graphene’s plasmonic response can also be put to good use
for non-linear optics [Gullans et al. (2013)], and graphene itself is able to ex-
hibit non-linear GSPs, as predicted by a recent work [Gorbach (2013)], and
highly confined TE waves [Bludov et al. (2014)]. On a related topic, we can
consider the combination of metallic nanoparticles, acting as a plasmonic
material, with graphene. It has recently been shown that gold nano-disks
can interact strongly with graphene, generating locally hot carriers which
can be probed by femtosecond pump-probe measurements [Gilbertson et al.
(2015)].
In this book we have only covered some aspects related to graphene plas-
monics [Politano and Chiarello (2014); Low and Avouris (2014); Grigorenko
et al. (2012); Xiao et al. (2016)]. We started by reviewing the basic proper-
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ties of SPPs sustained at dielectric-metal interfaces, setting the stage for the
discussion of SPPs in doped graphene. We then derived the dispersion rela-
tion of SPP in graphene, both in single-layer graphene and in double-layer
graphene. We have seen that even for these simple geometries, the spec-
trum needs to be obtained by numerical means. From the corresponding
solutions, it was clear that GSP-excitation is not feasible by simply striking
light directly on graphene, since the dispersion curve always lies to the right
of the light line. Therefore, in Chapter ?? we reviewed the most popular
methods to couple electromagnetic radiation to GSPs (see also [Torre et al.
(2015)] for a full-electrical plasmon detection method). Another interesting
idea has been put forward in [Liu et al. (2015a)]. The excitation methods
described in Chapter ?? cannot distinguish left from right propagation of
plasmons. However, by putting graphene on a magneto-optical substrate,
its dispersion relation becomes asymmetric in the forward and backward
directions, thus allowing unidirectional excitation [Liu et al. (2015a)].
Motivated by a recent experiment reporting the excitation of GSPs using
a metallic antenna [Alonso-González et al. (2014)], in Chapter ?? we have
conducted a theoretical study of a similar system consisting of an infinitely
long and highly conducting metal stripe placed on top of a graphene layer.
In Chapter ?? we developed a general theoretical framework for describ-
ing the excitation of GSPs in systems where the graphene’s conductivity is
periodically modulated. In particular, we have applied our analytical model
to the case of a periodic array of graphene ribbons, since this setup has
been extensively studied experimentally. We then confronted our theoreti-
cal results against the experimental data [Ju et al. (2011)], having observed
a good agreement between theory and experiment (see also [Velizhanin
(2015)]). In a recent experiment [Sorger et al. (2015)], GSPs’ excitation in
graphene stripes grown in silicon carbide has been achieved, and the same
model that was used in Chapter ?? was applied to the description of the
experimental data. In Chapter ?? the case of a single graphene ribbon was
considered in the electrostatic limit. The approach used was then applied
to graphene disks and rings. The case of a groove was also discussed. If
the groove is periodically repeated we achieve a diffraction grating, a prob-
lem that can be analyzed semi-analytically. In Chapter ?? an extension
of Chapter ?? was presented, which consisted of an approach to deal with
graphene on periodically corrugated surfaces, that is diffraction gratings.
These can be made of either a dielectric or a metamaterial, as in the case
discussed at the end of that Chapter. It is worth mentioning that graphene
resting on a grating can be a source of THz radiation [Zhan et al. (2014)],
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when a beam of electrons moves over its surface, a problem that we have
analysed at the end of Chapter ?? . Finally, in Chapter ?? we discussed
the excitation of SPP’s by an emitting dipole. We have shown that the
decaying rate of a dipole is intimately tied to the excitation of SPP’s on
graphene, a manifestation of the Purcell effect.
September 16, 2016 0:13 Book Title... b2445 page 16
September 16, 2016 0:13 Book Title... b2445 page 17
Bibliography
Alonso-González, P., Nikitin, A. Y., Golmar, F., Centeno, A., Pesquera, A., Vélez,
S., Chen, J., Navickaite, G., Koppens, F., Zurutuza, A., Casanova, F.,
Hueso, L. E., and Hillenbrand, R. (2014). Controlling graphene plasmons
with resonant metal antennas and spatial conductivity patterns, Science
344.
Anker, J. N., Hall, W. P., Lyandres, O., Shah, N. C., Zhao, J., and Duyn, R.
P. V. (2008). Biosensing with plasmonic nanosensors, Nature Materials 7,
pp. 442 – 453.
Archambault, A., Teperik, T. V., Marquier, F., and Greffet, J. J. (2009). Surface
plasmon fourier optics, Phys. Rev. B 79, p. 195414.
Armstrong, S. (2012). Plasmonics: Diffraction-free surface waves, Nature Pho-
tonics 6, p. 720.
Atwater, H. A. (2007). The promise of plasmonics, Scientific American 4, pp.
1–5.
Aćimović, S. S., Ortega, M. A., Sanz, V., Berthelot, J., Garcia-Cordero, J. L.,
Renger, J., Maerkl, S. J., Kreuzer, M. P., and Quidant, R. (2014). Lspr
chip for parallel, rapid, and sensitive detection of cancer markers in serum,
Nano Lett. 14, pp. 2636–2641.
Bao, Q., Zhang, H., Wang, B., Ni, Z., Lim, C. H. Y. X., Wang, Y., Tang, D. Y.,
and Loh, K. P. (2011). Broadband graphene polarizer, Nature Photonics 5,
pp. 411–415.
Barnes, W. L. (2006). Surface plasmon-polariton length scales: a route to sub-
wavelength optics, J. Opt. A: Pure Appl. Opt. 8, p. S87.
Barnes, W. L., Dereux, A., and Ebbesen, T. W. (2003). Surface plasmon sub-
wavelength optics, Nature 424, pp. 824–830.
Berini, P. and Leon, I. D. (2012). Surface plasmon-polariton amplifiers and lasers,
Nature Photonics 6, pp. 16–24.
Biehs, S.-A. and Agarwal, G. S. (2013). Large enhancement of förster resonance
energy transfer on graphene platforms, ppl. Phys. Lett. 103, p. 243112.
Billings, L. (2013). Exotic optics: Metamaterial world, Nature 500, pp. 138–140.
Bludov, Y. V., Ferreira, A., Peres, N. M. R., and Vasilevskiy, M. I. (2013). A
primer on surface plasmon-polaritons in graphene, Int. J. Mod. Phys. B
17
September 16, 2016 0:13 Book Title... b2445 page 18
18 Book Title
27, p. 1341001.
Bludov, Y. V., Smirnova, D. A., Kivshar, Y. S., Peres, N. M. R., and Vasilevskiy,
M. I. (2014). Nonlinear te-polarized surface polaritons on graphene, Phys.
Rev. B 89, p. 035406.
Boriskina, S. V., Ghasemi, H., and Chen, G. (2013). Plasmonic materials for
energy: From physics to applications, Materials Today 16, pp. 375–386.
Brar, V. W., Jang, M. S., Sherrott, M., Kim, S., Lopez, J. J., Kim, L. B., Choi, M.,
and Atwater, H. (2014). Hybrid surface-phonon-plasmon polariton modes in
graphene/monolayer h-bn heterostructures, Nano Lett. 14, pp. 3876–3880.
Brar, V. W., Jang, M. S., Sherrott, M., Lopez, J. J., and Atwater, H. A. (2013).
Highly confined tunable mid-infrared plasmonics in graphene nanores-
onators, Nano Lett. 13, pp. 2541–2547.
Brolo, A. G. (2012). Plasmonics for future biosensors, Nature Photonics 6, pp.
709–713.
Cai, X., Sushkov, A. B., Jadidi, M. M., Nyakiti, L. O., Myers-Ward, R. L.,
Gaskill, D. K., Murphy, T. E., Fuhrer, M. S., and Drew, H. D. (2015).
Plasmon-enhanced terahertz photodetection in graphene, Nano Lett. 15,
pp. 4295–4302.
Cai, Y.-J., Li, M., Ren, X.-F., Zou, C.-L., Xiong, X., Lei, H.-L., Liu, B.-H., Guo,
G.-P., and Guo, G.-C. (2014). High-visibility on-chip quantum interference
of single surface plasmons, Phys. Rev. Appl. 2, p. 014004.
Caldwell, J. D., Kretinin, A. V., Chen, Y., Giannini, V., Fogler, M. M.,
Francescato, Y., Ellis, C. T., Tischler, J. G., Woods, C. R., Giles, A. J.,
Hong, M., Watanabe, K., Taniguchi, T., Maier, S. A., and Novoselov, K. S.
(2014). Sub-diffractional volume-confined polaritons in the natural hyper-
bolic material hexagonal boron nitride, Nature Communications 5, pp. 1–9.
Carbotte, J. P., LeBlanc, J. P. F., and Nicol, E. J. (2012). Emergence of plasma-
ronic structure in the near-field optical response of graphene, Phys. Rev. B
85, p. 201411(R).
Castro Neto, A. H., Guinea, F., Peres, N. M. R., Novoselov, K. S., and Geim,
A. K. (2009). The electronic properties of graphene, Rev. Mod. Phys. 81.
Castro Neto, A. H. and Novoselov, K. (2011). New directions in science and
technology: two-dimensional crystals, Reports on Progress in Physics 74,
p. 082501.
Chang, D. E., Sørensen, A. S., Hemmer, P. R., and Lukin, M. D. (2006). Quantum
optics with surface plasmons, Phys. Rev. Lett. 97, p. 053002.
Chaves, F. A., Jiménez, D., Cummings, A. W., and Roche, S. (2014). Physical
model of the contact resistivity of metal-graphene junctions, Journal of
Appl. Phys. 115, p. 164513.
Chen, J., Badioli, M., Alonso-González, P., Thongrattanasiri, S., Huth, F., Os-
mond, J., Spasenović, M., Centeno, A., Pesquera, A., Godignon, P., Elorza,
A. Z., Camara, N., de Abajo, F. J. G., Hillenbrand, R., and Koppens, F.
H. L. (2012). Optical nano-imaging of gate-tunable graphene plasmons, Na-
ture 487, pp. 77–81.
Chen, P.-Y. and Alù, A. (2011). Atomically thin surface cloak using graphene
monolayers, ACS Nano 5, pp. 5855 – 5863.
September 16, 2016 0:13 Book Title... b2445 page 19
Bibliography 19
Chen, Z., Berciaud, S., Nuckolls, C., Heinz, T. F., and Brus, L. E. (2010). En-
ergy transfer from individual semiconductor nanocrystals to graphene, ACS
Nano 4, pp. 2964–2968.
Christensen, J., Manjavacas, A., Thongrattanasiri, S., Koppens, F. H. L., and
de Abajo, F. J. G. (2012). Graphene plasmon waveguiding and hybridiza-
tion in individual and paired nanoribbons, ACS Nano 6, 1, pp. 431–440.
Christensen, T., Jauho, A.-P., Wubs, M., and Mortensen, N. A. (2015). Localized
plasmons in graphene-coated nanospheres, Phys. Rev. B 91, p. 125414.
Christensen, T., Wang, W., Jauho, A.-P., Wubs, M., and Mortensen, N. A. (2014).
Classical and quantum plasmonics in graphene nanodisks: the role of edge
states, Phys. Rev. B 90, p. 241414(R).
Constant, T. J., Hornett, S. M., Chang, D. E., and Hendry, E. (2015). All-optical
generation of surface plasmons in graphene, Nat. Phys. 11, p. 1.
Cox, J. D. and de Abajo, F. J. G. (2014). Electrically tunable nonlinear plasmonics
in graphene nanoislands, Nature Communications 5, 5725.
Cox, J. D. and de Abajo, F. J. G. (2015). Plasmon-enhanced nonlinear wave
mixing in nanostructured graphene, ACS Photonics 2, pp. 306–312.
Cox, J. D., Singh, M. R., Gumbs, G., Anton, M. A., and Carreno, F. (2012).
Dipole-dipole interaction between a quantum dot and a graphene nanodisk,
Phys. Rev. B 86, p. 125452.
Crassee, I., Orlita, M., Potemski, M., Walter, A. L., Ostler, M., Seyller, T.,
Gaponenko, I., Chen, J., and Kuzmenko, A. B. (2012). Intrinsic terahertz
plasmons and magnetoplasmons in large scale monolayer graphene, Nano
Lett. 12, pp. 2470–2474.
Crozier, K. B., Zhu, W., Wang, D., Lin, S., Best, M. D., and Camden, J. P. (2014).
Plasmonics for surface enhanced raman scattering: Nanoantennas for single
molecules, IEEE Journal of Selected Topics in Quantum Electronics 20.
Dai, S., Fei, Z., Ma, Q., Rodin, A. S., Wagner, M., McLeod, A. S., Liu, M. K.,
Gannett, W., Regan, W., Watanabe, K., Taniguchi, T., Thiemens, M.,
Dominguez, G., Castro Neto, A. H., Zettl, A., Keilmann, F., Jarillo-Herrero,
P., Fogler, M. M., and Basov, D. N. (2014). Tunable phonon polaritons in
atomically thin van der waals crystals of boron nitride, Science 343, pp.
1125–1129.
Dai, S., Ma, Q., Zhu, S.-E., Liu, M. K., Andersen, T., Fei, Z., Goldflam, M.,
Wagner, M., Watanabe, K., Taniguchi, T., Thiemens, M., Keilmann, F.,
Janssen, G. C. A. M., Jarillo-Herrero, P., Fogler, M. M., and Basov, D. N.
(2015). Graphene on hexagonal boron nitride as an agile hyperbolic meta-
material, Nature Nanotechnology 10, pp. 682–686.
de Abajo, F. J. G. (2014). Graphene plasmonics: Challenges and opportunities,
ACS Photonics 1, 135-152.
Di Martino, G., Sonnefraud, Y., Tame, M. S., Kéna-Cohen, S., Dieleman, F.,
Ozdemir, S. K., Kim, M. S., and Maier, S. A. (2014). Observation of quan-
tum interference in the plasmonic hong-ou-mandel effect, Phys. Rev. Appl.
1, p. 034004.
Dionne, J. A. and Atwater, H. A. (2012). Plasmonics: Metal-worthy methods and
materials in nanophotonics, MRS Bulletin 37, pp. 717–724.
September 16, 2016 0:13 Book Title... b2445 page 20
20 Book Title
Ebbesen, T. W., Genet, C., and Bozhevolnyi, S. I. (2008). Surface plasmon cir-
cuitry, Nature 61, pp. 44–50.
Ebbesen, T. W., Lezec, H. J., Ghaemi, H. F., Thio, T., and Wolff, P. A. (1998).
Extraordinary optical transmission through sub-wavelength hole arrays,
Nature 391, pp. 667–669.
Editorial (2012). Surface plasmon resurrection, Nature Photonics 6, p. 707.
Enoch, S. and Bonod, N. (2012). Plasmonics: From Basics to Advanced Topics
(Springer Series in Optical Sciences, New York).
Fakonas, J. S., Lee, H., Kelaita, Y. A., and Atwater, H. A. (2014). Two-plasmon
quantum interference, Nature Photonics 8, pp. 317–320.
Fang, Z., Liu, Z., Wang, Y., Ajayan, P. M., Nordlander, P., and Halas, N. J.
(2012a). Graphene-antenna sandwich photodetector, Nano Lett. 12, pp.
3808–3813.
Fang, Z., Thongrattanasiri, S., Schlather, A., Liu, Z., Ma, L., Wang, Y., Ajayan,
P. M., Nordlander, P., Halas, N. J., and de Abajo, F. J. G. (2013).
Gated tunability and hybridization of localized plasmons in nanostructured
graphene, ACS Nano 7, pp. 2388–2395.
Fang, Z., Wang, Y., Liu, Z., Schlather, A., Ajayan, P. M., Koppens, F. H. L.,
Nordlander, P., and Halas, N. J. (2012b). Plasmon-induced doping of
graphene, ACS Nano 6, pp. 10222–10228.
Fang, Z., Wang, Y., Schlather, A. E., Liu, Z., Ajayan, P. M., de Abajo, F. J. G.,
Nordlander, P., Zhu, X., and Halas, N. J. (2014). Active tunable absorption
enhancement with graphene nanodisk arrays, Nano Lett. 14, pp. 299–304.
Fano, U. (1941). The theory of anomalous diffraction gratings and of quasi-
stationary waves on metallic surfaces (sommerfeld’s waves), J. Opt. Soc.
Am. 31, pp. 213–222.
Farhat, M., Guenneau, S., and Bağcı, H. (2011). Exciting graphene surface plas-
mon polaritons through light and sound interplay, Phys. Rev. Lett. 111, p.
237404.
Fei, Z., Andreev, G. O., Bao, W., Zhang, L. M., McLeod, A. S., Wang, C.,
Stewart, M. K., Zhao, Z., Dominguez, G., Thiemens, M., Fogler, M. M.,
Tauber, M. J., Castro Neto, A. H., Lau, C. N., Keilmann, F., and Basov,
D. N. (2011). Infrared nanoscopy of dirac plasmons at the graphene–sio2
interface, Nano Lett. 11, pp. 4701–4705.
Fei, Z., Rodin, A. S., Andreev, G. O., Bao, W., McLeod, A. S., Wagner, M.,
Zhang, L. M., Zhao, Z., Thiemens, M., Dominguez, G., Fogler, M. M.,
Castro Neto, A. H., Lau, C. N., Keilmann, F., and Basov, D. N. (2012).
Gate-tuning of graphene plasmons revealed by infrared nano-imaging, Na-
ture 487, pp. 82–85.
Fei, Z., Rodin, A. S., Gannett, W., Dai, S., Regan, W., Wagner, M., Liu, M. K.,
McLeod, A. S., Dominguez, G., Thiemens, M., Castro Neto, A. H., Keil-
mann, F., Zettl, A., Hillenbrand, R., Fogler, M. M., and Basov, D. N.
(2013). Electronic and plasmonic phenomena at graphene grain boundaries,
Nature Nanotechnology 8, pp. 821 –825.
Gao, W., Shi, G., Jin, Z., Shu, J., Zhang, Q., Vajtai, R., Ajayan, P. M., Kono,
J., and Xu, Q. (2013). Excitation and active control of propagating surface
September 16, 2016 0:13 Book Title... b2445 page 21
Bibliography 21
plasmon polaritons in graphene, Nano Lett. 13, pp. 3698–3702.
Garcia, M. A. (2011). Surface plasmons in metallic nanoparticles: fundamentals
and applications, J. Phys. D: Appl. Phys. 44, p. 283001.
Gaudreau, L., Tielrooij, K. J., Prawiroatmodjo, G. E. D. K., Osmond, J.,
de Abajo, F. J. G., and Koppens, F. H. L. (2013). Universal distance-scaling
of nonradiative energy transfer to graphene, Nano Lett. 13, pp. 2030–2035.
Geim, A. K. (2009). Graphene: Status and prospects, Science 324, pp. 1530–
1534.
Geim, A. K. and Grigorieva, I. V. (2013). Van der waals heterostructures, Nature
499, pp. 419 – 425.
Gilbertson, A. M., Francescato, Y., Roschuk, T., Shautsova, V., Chen, Y.,
Sidiropoulos, T. P. H., Hong, M., Giannini, V., Maier, S. A., Cohen, L. F.,
and Oulton, R. F. (2015). Plasmon-induced optical anisotropy in hybrid
graphene–metal nanoparticle systems, Nano Lett. 15, pp. 3458–3464.
Gorbach, A. V. (2013). Nonlinear graphene plasmonics: Amplitude equation for
surface plasmons, Phys. Rev. A 87, p. 013830.
Green, M. A. and Pillai, S. (2012). Harnessing plasmonics for solar cells, Nature
Photonics 6, pp. 130–132.
Grigorenko, A. N., Polini, M., and Novoselov, K. S. (2012). Graphene plasmonics,
Nature Photonics 6, pp. 749–758.
Gullans, M., Chang, D. E., Koppens, F. H. L., de Abajo, F. J. G., and Lukin,
M. D. (2013). Single-photon nonlinear optics with graphene plasmons, Phys.
Rev. Lett. 111, p. 247401.
Gupta, B. D., Srivastava, S. K., and Verma, R. (2015). Fiber Optic Sensors Based
on Plasmonics (World Scientific, Singapore).
Haes, A. J., Haynes, C. L., McFarland, A. D., Schatz, G. C., Duyne, R. P. V.,
and Zou, S. (2005). Plasmonic materials for surface-enhanced sensing and
spectroscopy, MRS Bulletin 30, pp. 368–375.
Hanson, G. W., Hassani Gangaraj, S. A., Lee, C., Angelakis, D. G., and Tame,
M. (2015). Quantum plasmonic excitation in graphene and loss-insensitive
propagation, Phys. Rev. A 92, p. 013828.
Heeg, S., Fernandez-Garcia, R., Oikonomou, A., Schedin, F., Narula, R., Maier,
S. A., Vijayaraghavan, A., and Reich, S. (2013). Polarized plasmonic en-
hancement by au nanostructures probed through raman scattering of sus-
pended graphene, Nano Lett. 13, pp. 301–308.
Heeres, R. W., Kouwenhoven, L. P., and Zwiller, V. (2013). Quantum interference
in plasmonic circuits, Nature Nanotechnology 8, pp. 719–722.
Hessel, A. and Oliner, A. A. (1965). A new theory of wood’s anomalies on optical
gratings, Appl. Optics 4, pp. 1275–1297.
Hoggard, A., Wang, L.-Y., Ma, L., Fang, Y., You, G., Olson, J., Liu, Z., Chang,
W.-S., Ajayan, P. M., and Link, S. (2013). Using the plasmon linewidth to
calculate the time and efficiency of electron transfer between gold nanorods
and graphene, ACS Nano 7, pp. 11209–11217.
Huidobro, P. A., Nesterov, M. L., Martín-Moreno, L., and García-Vidal, F. J.
(2010). Transformation optics for plasmonics, Nano Lett. 10, pp. 1985–
1990.
September 16, 2016 0:13 Book Title... b2445 page 22
22 Book Title
Huidobro, P. A., Nikitin, A. Y., González-Ballestero, C., Martín-Moreno, L., and
García-Vidal, F. J. (2012). Superradiance mediated by graphene surface
plasmons, Phys. Rev. B 85, p. 155438.
Hwang, E. H., Sensarma, R., and Sarma, S. D. (2010). Plasmon-phonon coupling
in graphene, Phys. Rev. B 82, p. 195406.
Ishikawa, A. and Tanaka, T. (2013). Plasmon hybridization in graphene meta-
materials, Appl. Phys. Lett. 102, p. 253110.
Jablan, M., Buljan, H., and Soljačić, M. (2009). Plasmonics in graphene at in-
frared frequencies, Phys. Rev. B 80, p. 245435.
Jablan, M., Soljačić, M., and Buljan, H. (2013). Plasmons in graphene: Funda-
mental properties and potential applications, Proc. IEEE 101, pp. 1689 –
1704.
Jacob, Z. (2012). Quantum plasmonics, MRS Bulletin 37, pp. 761–767.
Jacob, Z. (2014). Hyperbolic phonon-polaritons, Nature Materials 13, pp. 1081–
1083.
Jacob, Z. and Shalaev, V. M. (2011). Plasmonics goes quantum, Science 28, pp.
463–464.
Ju, L., Geng, B., Horng, J., Girit, C., Martin, M., Hao, Z., Bechtel, H. A., Liang,
X., Zettl, A., Shen, Y. R., and Wang, F. (2011). Graphene plasmonics for
tunable terahertz metamaterials, Nature Nanotechnology 6, pp. 630–634.
Juan, M. L., Righini, M., and Quidant, R. (2011). Plasmon nano-optical tweezers,
Nature Photonics 5, pp. 349–356.
Kabashin, A. V., Evans, P., Pastkovsky, S., Hendren, W., Wurtz, G. A., Atkinson,
R., Pollard, R., Podolskiy, V. A., and Zayats, A. V. (2009). Plasmonic
nanorod metamaterials for biosensing, Nature Materials 8, pp. 867 – 871.
Kamat, P. V. (2010). Graphene-based nanoarchitectures. anchoring semiconduc-
tor and metal nanoparticles on a two-dimensional carbon support, J. Phys.
Chem. Lett. 1, pp. 520 – 527.
Kauranen, M. and Zayats, A. V. (2012). Nonlinear plasmonics, Nature Photonics
6, pp. 737–748.
Khurgin, J. B. and Boltasseva, A. (2012). Reflecting upon the losses in plasmonics
and metamaterials, MRS Bulletin 37, pp. 768–779.
Kim, J. T., Yu, Y.-J., Choi, H., and Choi, C.-G. (2014). Graphene-based plas-
monic photodetector for photonic integrated circuits, Opt. Express 22, pp.
803–808.
Klimov, V. (2014). Nanoplasmonics (Pan Stanford).
Kneipp, K. (2007). Surface-enhanced raman scattering, Phys. Today 60, pp. 40–
46.
Koch, R. J., Seyller, T., and Schaefer, J. A. (2010). Strong phonon-plasmon
coupled modes in the graphene/silicon carbide heterosystem, Phys. Rev. B
82, p. 201413.
Konstantatos, G., Badioli, M., Gaudreau, L., Osmond, J., Bernechea, M., de Ar-
quer, F. P. G., Gatti, F., and Koppens, F. H. L. (2012). Hybrid graphene-
quantum dot phototransistors with ultrahigh gain, Nature Nanotechnology
7, pp. 363 – 368.
Koppens, F. H. L., Chang, D. E., and de Abajo, F. J. G. (2011). Graphene
September 16, 2016 0:13 Book Title... b2445 page 23
Bibliography 23
plasmonics: A platform for strong light-matter interactions, Nano Lett. 11,
pp. 3370 – 3377.
Koppens, F. H. L., Mueller, T., Avouris, P., Ferrari, A. C., Vitiello, M. S.,
and Polini, M. (2014). Photodetectors based on graphene, other two-
dimensional materials and hybrid systems, Nature Nanotechnology 9, pp.
780–793.
Kravets, V. G., Jalil, R., Kim, Y.-J., Ansell, D., Aznakayeva, D. E., Thackray,
B., Britnell, L., Belle, B. D., Withers, F., Radko, I. P., Han, Z., Bozhevol-
nyi, S. I., Novoselov, K. S., Geim, A. K., and Grigorenko, A. N. (2014).
Graphene-protected copper and silver plasmonics, Scientific Reports 4, p.
5517.
Kravets, V. G., Schedin, F., Jalil, R., Britnell, L., Novoselov, K. S., and Grig-
orenko, A. N. (2012). Surface hydrogenation and optics of a graphene sheet
transferred onto a plasmonic nanoarray, The Journal of Physical Chemistry
C 116, pp. 3882–3887.
Kretinin, A. V., Cao, Y., Tu, J. S., Yu, G. L., Jalil, R., Novoselov, K. S., Haigh,
S. J., Gholinia, A., Mishchenko, A., Lozada, M., Georgiou, T., Woods,
C. R., Withers, F., Blake, P., Eda, G., Wirsig, A., Hucho, C., Watanabe,
K., Taniguchi, T., Geim, A. K., and Gorbachev, R. V. (2014). Electronic
properties of graphene encapsulated with different two-dimensional atomic
crystals, Nano Lett. 14, pp. 3270 – 3276.
Kretschmann, E. and Raether, H. (1968). Radiative decay of nonradiative surface
plasmon excited by light, Z. Naturf. A 23, pp. 2135–2136.
Kumar, A., Low, T., Fung, K. H., Avouris, P., and Fang, N. X. (2015). Tun-
able light-matter interaction and the role of hyperbolicity in graphene-hbn
system, Nano Lett. 15, pp. 3172–3180.
Lee, S. H., Choi, M., Kim, T.-T., Lee, S., Liu, M., Yin, X., Choi, H. K., Lee,
S. S., Choi, C.-G., Choi, S.-Y., Zhang, X., and Min, B. (2012). Switching
terahertz waves with gate-controlled active graphene metamaterials, Nature
Materials 11, pp. 936 – 941.
Li, Z. Q., Henriksen, E. A., Jiang, Z., Hao, Z., Martin, M. C., Kim, P., Stormer,
H. L., and Basov, D. N. (2008). Dirac charge dynamics in graphene by
infrared spectroscopy, Nature Phys. 4, pp. 532–535.
Lim, D.-K., Barhoumi, A., Wylie, R. G., Reznor, G., Langer, R. S., and Ko-
hane, D. S. (2013). Enhanced photothermal effect of plasmonic nanoparti-
cles coated with reduced graphene oxide, Nano Lett. 13, pp. 4075–4079.
Ling, X., Xie, L., Fang, Y., Xu, H., Zhang, H., Kong, J., Dresselhaus, M. S.,
Zhang, J., and Liu, Z. (2010). Can graphene be used as a substrate for
raman enhancement? Nano Lett. 10, pp. 553–561.
Liu, C.-Y., Liang, K.-C., Chen, W., hao Tu, C., Liu, C.-P., and Tzeng, Y. (2011a).
Plasmonic coupling of silver nanoparticles covered by hydrogen-terminated
graphene for surface-enhanced raman spectroscopy, Opt. Express 19.
Liu, F., Qian, C., and Chong, Y. D. (2015a). Directional excitation of graphene
surface plasmons, Opt. Express 23, pp. 2383–2391.
Liu, H., Sun, S., Wu, L., and Bai, P. (2014). Optical near-field enhancement with
graphene bowtie antennas, Plasmonics 9, pp. 845–850.
September 16, 2016 0:13 Book Title... b2445 page 24
24 Book Title
Liu, P. Q., Valmorra, F., Maissen, C., and Faist, J. (2015b). Electrically tunable
graphene anti-dot array terahertz plasmonic crystals exhibiting multi-band
resonances, Optica 2, pp. 135 – 140.
Liu, Y., Cheng, R., Liao, L., Zhou, H., Bai, J., Liu, G., Liu, L., Huang, Y., and
Duan, X. (2011b). Plasmon resonance enhanced multicolour photodetection
by graphene, Nature Communications 2, 579.
Liua, Y. and Zhang, X. (2011). Metamaterials: a new frontier of science and
technology, Chem. Soc. Rev. 40, pp. 2494–2507.
Llatser, I., Kremers, C., Cabellos-Aparicio, A., Jornet, J. M., Alarcón, E., and
Chigrin, D. N. (2012). Graphene-based nano-patch antenna for terahertz
radiation, Photonics and Nanostructures - Fundamentals and Applications
10, pp. 353–358.
Low, T. and Avouris, P. (2014). Graphene plasmonics for terahertz to mid-infrared
applications, ACS Nano 8, pp. 1086–1101.
Low, T., Guinea, F., Yan, H., Xia, F., and Avouris, P. (2014a). Novel mid-infrared
plasmonic properties of bilayer graphene, Phys. Rev. Lett. 112, p. 116801.
Low, T., Roldán, R., Wang, H., Xia, F., Avouris, P., Moreno, L. M., and Guinea,
F. (2014b). Plasmons and screening in monolayer and multilayer black phos-
phorus, Phys. Rev. Lett. 113, p. 106802.
Luo, X., Qiu, T., Lu, W., and Ni, Z. (2013). Plasmons in graphene: Recent
progress and applications, Materials Science and Engineering R 74, pp.
351 – 376.
Luxmoore, I. J., Gan, C. H., Liu, P. Q., Valmorra, F., Li, P., Faist, J., and
Nash, G. R. (2014). Strong coupling in the far-infrared between graphene
plasmons and the surface optical phonons of silicon dioxide, ACS Photonics
1, p. 1151.
Ma, R.-M., Oulton, R. F., Sorger, V. J., and Zhang, X. (2013). Plasmon lasers:
coherent light source at molecular scales, Laser Photon. Rev. 7, pp. 1–21.
MacDonald, K. F., Sámson, Z. L., Stockman, M. I., and Zheludev, N. I. (2009).
Ultrafast active plasmonics, Nature Photonics 3, pp. 55–58.
Maier, S. A. (2007). Plasmonics: Fundamentals and Applications (Springer, New
York).
Manjavacas, A., Marchesin, F., Thongrattanasiri, S., Koval, P., Nordlander, P.,
Sánchez-Portal, D., and de Abajo, F. J. G. (2013). Tunable molecular plas-
mons in polycyclic aromatic hydrocarbons, ACS Nano 7, pp. 3635–3643.
Manjavacas, A., Nordlander, P., and de Abajo, F. J. G. (2012a). Plasmon block-
ade in nanostructured graphene, ACS Nano 6, pp. 1724 – 1731.
Manjavacas, A., Thongrattanasiri, S., Chang, D. E., and de Abajo, F. J. G.
(2012b). Temporal quantum control with graphene, New J. Phys. 14, p.
123020.
Manjavacas, A., Thongrattanasiri, S., Greffet, J.-J., and de Abajo, F. J. G. (2014).
Graphene optical-to-thermal converter, Appl. Phys. Lett. 105, p. 211102.
Manzoni, M. T., Silveiro, I., de Abajo, F. J. G., and Chang, D. E. (201). Second-
order quantum nonlinear optical processes in graphene nanostructures, New
J. Phys. 17, p. 083031.
Maradudin, A. A., Barnes, W. L., and Sambles, J. R. (eds.) (2014). Modern
September 16, 2016 0:13 Book Title... b2445 page 25
Bibliography 25
Plasmonics (Elsevier).
Martín-Moreno, L., García-Vidal, F. J., Lezec, H. J., Pellerin, K. M., Thio, T.,
Pendry, J. B., and Ebbesen, T. W. (2001). Theory of extraordinary optical
transmission through subwavelength hole arrays, Phys. Rev. Lett. 86, pp.
1114–1117.
Mikhailov, S. A. and Ziegler, K. (2007). New electromagnetic mode in graphene,
Phys. Rev. Lett. 99, p. 016803.
Mishchenko, A., Tu, J. S., Cao, Y., Gorbachev, R. V., Wallbank, J. R., Green-
away, M., Morozov, V. E., Morozov, S. V., Zhu, M. J., Wong, S. L., With-
ers, F., Woods, C. R., Kim, Y.-J., Watanabe, K., Taniguchi, T., Vdovin,
E. E., Makarovsky, O., Fromhold, T. M., Falko, V. I., Geim, A. K., Eaves,
L., and Novoselov, K. S. (2014). Twist-controlled resonant tunnelling in
graphene-boron nitride-graphene heterostructures, Nature Nanotechnology
9, pp. 808–813.
Mittleman, D. M. (2013). Frontiers in terahertz sources and plasmonics, Nature
Photonics 7, pp. 666–669.
Moriya, R., Yamaguchi, T., Inoue, Y., Sata, Y., Morikawa, S., Masubuchi, S.,
and Machida, T. (2015). Influence of the density of states of graphene on
the transport properties of graphene/mos2/metal vertical field-effect tran-
sistors, Appl. Phys. Lett. 106, p. 223103.
Nene, P., Strait, J. H., Chan, W.-M., Manolatou, C., Kevek, J. W., Tiwari,
S., McEuen, P. L., and Rana, F. (2014). Coupling of plasmon modes in
graphene microstructures, Appl. Phys. Lett. 105, p. 143108.
Nikitin, A. Y., Low, T., and Martin-Moreno, L. (2014). Anomalous reflection
phase of graphene plasmons and its influence on resonators, Phys. Rev. B
90, p. 041407.
Niu, J., Shin, Y. J., Son, J., Lee, Y., Ahn, J.-H., and Yang, H. (2012). Shift-
ing of surface plasmon resonance due to electromagnetic coupling between
graphene and au nanoparticles, Opt. Express 20, pp. 19690 – 19696.
Novoselov, K. S. and Castro Neto, A. H. (2012). Two-dimensional crystals-based
heterostructures: materials with tailored properties, Physica Scripta 2012,
p. 014006.
Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos,
S. V., Grigorieva, I. V., and Firsov, A. A. (2004). Electric field effect in
atomically thin carbon films, Science 306, pp. 666–669.
Otto, A. (1968). Excitation of nonradiative surface plasma waves in silver by the
method of frustrated total reflection, Z. Phys. 216, pp. 398–410.
Ozbay, E. (2006). Plasmonics: Merging photonics and electronics at nanoscale
dimensions, Science 311, pp. 189–193.
Pelton, M., Aizpurua, J., and Bryant, G. (2008). Metal-nanoparticle plasmonics,
Laser & Photon. Rev. 2, pp. 136–159.
Pelton, M. and Bryant, G. W. (2013). Introduction to Metal-Nanoparticle Plas-
monics, 1st edn. (John Wiley & Sons, Inc, New Jersey).
Peres, N. M. R., Bludov, Y. V., Santos, J. E., Jauho, A.-P., and Vasilevskiy, M. I.
(2014). Optical bistability of graphene in the terahertz range, Phys. Rev. B
90, p. 125425.
September 16, 2016 0:13 Book Title... b2445 page 26
26 Book Title
Peres, N. M. R., Ferreira, A., Bludov, Y. V., and Vasilevskiy, M. I. (2012). Light
scattering by a medium with a spatially modulated optical conductivity:
the case of graphene, J. Phys.: Condens. Matter 24, p. 245303.
Polanco, J., Fitzgerald, R. M., and Maradudin, A. A. (2013). Scattering of surface
plasmon polaritons by one-dimensional surface defects, Phys. Rev. B 87, p.
155417.
Politano, A. and Chiarello, G. (2014). Plasmon modes in graphene: status and
prospect, Nanoscale 6, pp. 10927–10940.
Powell, C. J. and Swan, J. B. (1959). Origin of the characteristic electron energy
losses in aluminum, Phys. Rev. 115, p. 869.
Quidant, R. (2012). Plasmonic tweezers—the strength of surface plasmons, MRS
Bulletin 37, pp. 739–744.
Rayleigh, L. (1907). On the dynamical theory of gratings, Proc. R. Soc. Lond. A
79, pp. 399–416.
Reece, P. J. (2008). Plasmonics: Finer optical tweezers, Nature Photonics 2, pp.
333–334.
Ritchie, R. H. (1957). Plasma losses by fast electrons in thin films, Phys. Rev.
106, p. 874.
Ritchie, R. H., Arakawa, E. T., Cowan, J. J., and Hamm, R. N. (1968). Surface-
plasmon resonance effect in grating diffraction, Phys. Rev. Lett. 21, pp.
1530–1533.
Rodrigo, D., Limaj, O., DavideJanner, Etezadi, D., de Abajo, F. J. G., Pruneri,
V., and Altug, H. (2015). Mid-infrared plasmonic biosensing with graphene,
Science 349, 6244, pp. 165–168.
Sambles, J. R., Bradberya, G. W., and Yang, F. (1991). Optical excitation of
surface plasmons: An introduction, Contemporary Physics 32, pp. 173–
183.
Sánchez-Gil, J. A. and Maradudin, A. A. (1999). Near-field and far-field scattering
of surface plasmon polaritons by one-dimensional surface defects, Phys. Rev.
B 60, pp. 8359–8367.
Santos, J. E., Vasilevskiy, M. I., Peres, N. M. R., Smirnov, G., and Bludov, Y. V.
(2014). Renormalization of nanoparticle polarizability in the vicinity of a
graphene-covered interface, Phys. Rev. B 90, p. 235420.
Sarid, D. and Challener, W. (2010). Modern Introduction to Surface Plasmons:
Theory, Mathematica Modeling, and Applications (Cambridge University
Press, Cambridge).
Schiefele, J., Pedrós, J., Sols, F., Calle, F., and Guinea, F. (2013). Coupling light
into graphene plasmons through surface acoustic waves, Phys. Rev. Lett.
111, p. 237405.
Schlücker, S. (2014). Surface-enhanced raman spectroscopy: Concepts and chem-
ical applications, Angew. Chem. Int. Ed. 53, pp. 4756 – 4795.
Sensale-Rodriguez, B., Yan, R., Zhu, M., Jena, D., Liu, L., and Grace Xing,
H. (2012). Efficient terahertz electro-absorption modulation employing
graphene plasmonic structures, Appl. Phys. Lett. 101, 26, p. 261115.
Sharma, B., Frontiera, R. R., Henry, A.-I., Ringe, E., and Duyne, R. P. V. (2012).
Sers: Materials, applications, and the future, Materials Today 15, pp. 16 –
September 16, 2016 0:13 Book Title... b2445 page 27
Bibliography 27
25.
Slipchenko, T. M., Nesterov, M. L., Martin-Moreno, L., and Nikitin, A. Y. (2013).
Analytical solution for the diffraction of an electromagnetic wave by a
graphene grating, J. Opt. 15, p. 114008.
Sommerfeld, A. (1899). Über die fortpflanzung elektrodynamischer wellen an
längs eines drahtes, Ann. der Physik und Chemie 67, pp. 233–290.
Sorger, C., Preu, S., Schmidt, J., Winnerl, S., Bludov, Y. V., Peres, N. M. R.,
Vasilevskiy, M. I., and Weber, H. B. (2015). Terahertz response of patterned
epitaxial graphene, New J. of Phys. 17, p. 053045.
Sorger, V. J., Oulton, R. F., Ma, R.-M., and Zhang, X. (2012). Toward integrated
plasmonic circuits, MRS Bulletin 37, pp. 728–738.
Stauber, T. (2014). Plasmonics in dirac systems: from graphene to topological
insulators, J. Phys.: Condens. Matter 26, p. 123201.
Stiles, P. L., Dieringer, J. A., Shah, N. C., and Duyne, R. P. V. (2008). Surface-
enhanced raman spectroscopy, Annu. Rev. Anal. Chem. 1, pp. 601 – 626.
Stockman, M. I. (2011). Nanoplasmonics: The physics behind the applications,
Phys. Today 64, pp. 39–44.
Strait, J. H., Nene, P., Chan, W.-M., Manolatou, C., Tiwari, S., Rana, F.,
Kevek, J. W., and McEuen, P. L. (2013). Confined plasmons in graphene
microstructures: Experiments and theory, Phys. Rev. B 87, p. 241410.
Sun, S., Gao, L., Liu, Y., and Sun, J. (2011). Assembly of cdse nanoparticles on
graphene for low-temperature fabrication of quantum dot sensitized solar
cell, Appl. Phys. Lett. 98.
Tame, M. S., McEnery, K. R., Ozdemir, S. K., Lee, J., Maier, S. A., and Kim,
M. S. (2013). Quantum plasmonics, Nature Phys. 9, pp. 329–340.
Tassin, P., Koschny, T., and Soukoulis, C. M. (2013). Graphene for terahertz
applications, Science 341, pp. 620–621.
Temnov, V. V. (2012). Ultrafast acousto-magneto-plasmonics, Nature Photonics
6, pp. 728–736.
Thongrattanasiri, S. and de Abajo, F. J. G. (2013). Optical field enhancement
by strong plasmon interaction in graphene nanostructures, Phys. Rev. Lett.
110, p. 187401.
Thongrattanasiri, S., Koppens, F. H. L., and de Abajo, F. J. G. (2012a). Complete
optical absorption in periodically patterned graphene, Phys. Rev. Lett. 108,
p. 047401.
Thongrattanasiri, S., Manjavacas, A., and de Abajo, F. J. G. (2012b). Quantum
finite-size effects in graphene plasmons, ACS Nano 6, pp. 1766–1775.
Tielrooij, K. J., Orona, L., Ferrier, A., Badioli, M., Navickaite, G., Coop, S.,
Nanot, S., Kalinic, B., Cesca, T., Gaudreau, L., Ma, Q., Centeno, A.,
Pesquera, A., Zurutuza, A., de Riedmatten, H., Goldner, P., de Abajo, F.
J. G., Jarillo-Herrero, P., and Koppens, F. H. L. (2015). Electrical control
of optical emitter relaxation pathways enabled by graphene, Nature Phys.
11, pp. 281 – 287.
Tomadin, A., Guinea, F., and Polini, M. (2014). Generation and morphing of
plasmons in graphene superlattices, Phys. Rev. B 89, p. 224512.
Toropov, A. A. and Shubina, T. V. (2015). Plasmonic Effects in Metal-
September 16, 2016 0:13 Book Title... b2445 page 28
28 Book Title
Semiconductor Nanostructures (Oxford).
Torre, I., Tomadin, A., Krahne, R., Pellegrini, V., and Polini, M. (2015). Electrical
plasmon detection in graphene waveguides, Phys. Rev. B 91, p. 081402(R).
Turbadar, T. (1959). Complete absorption of light by thin metal films, Proceedings
of the Physical Society 73, p. 40.
Urich, A., Pospischil, A., Furchi, M. M., Dietze, D., Unterrainer, K., and Mueller,
T. (2012). Silver nanoisland enhanced raman interaction in graphene, Appl.
Phys. Lett. 101, p. 153113.
Vakil, A. and Engheta, N. (2011). Transformation optics using graphene, Science
332, pp. 1291 – 1294.
van Hulst, N. F. (2012). Nanophotonics: Plasmon quantum limit exposed, Nature
Nanotechnology 7, pp. 775 – 777.
Vasić, B., Isić, G., and Gajić, R. (2013). Localized surface plasmon resonances
in graphene ribbon arrays for sensing of dielectric environment at infrared
frequencies, J. Appl. Phys. 113, p. 013110.
Velizhanin, K. A. (2015). Geometric universality of plasmon modes in graphene
nanoribbon arrays, Phys. Rev. B 91, p. 125429.
Velizhanin, K. A. and Efimov, A. (2011). Probing plasmons in graphene by reso-
nance energy transfer, Phys. Rev. B 84, p. 085401.
Vo-Dinh, T., Fales, A. M., Griffin, G. D., Khoury, C. G., Liu, Y., Ngo, H.,
Norton, S. J., Register, J. K., Wang, H.-N., and Yuan, H. (2013). Plasmonic
nanoprobes: from chemical sensing to medical diagnostics and therapy,
Nanoscale 5, pp. 10127–10140.
Wang, P., Liang, O., Zhang, W., Schroeder, T., and Xie, Y.-H. (2013). Ultra-
sensitive graphene-plasmonic hybrid platform for label-free detection, Ad-
vanced Materials 25, pp. 4918 – 4924.
Wang, P., Zhang, W., Liang, O., Pantoja, M., Katzer, J., Schroeder, T., and Xie,
Y.-H. (2012). Giant optical response from graphene–plasmonic system, ACS
Nano 6, pp. 6244–6249.
Wang, W., Christensen, T., Jauho, A.-P., Thygesen, K. S., Wubs, M., and
Mortensen, N. A. (2015). Plasmonic eigenmodes in individual and bow-tie
graphene nanotriangles, Scientific Reports 5, 9535.
Weber, M. L. and Willets, K. A. (2012). Nanoscale studies of plasmonic hot spots
using super-resolution optical imaging, MRS Bulletin 37, pp. 745–751.
Willets, K. A. and Duyne, R. P. V. (2007). Localized surface plasmon resonance
spectroscopy and sensing, Annu. Rev. Phys. Chem. 58, pp. 267–297.
Woessner, A., Lundeberg, M. B., Gao, Y., Principi, A., Alonso-González, P.,
Carrega, M., Watanabe, K., Taniguchi, T., Vignale, G., Polini, M., Hone,
J., Hillenbrand, R., and Koppens, F. H. L. (2015). Highly confined low-loss
plasmons in graphene-boron nitride heterostructures, Nature Materials 14,
pp. 421–425.
Wood, R. W. (1902). On a remarkable case of uneven distribution of light in a
diffraction grating spectrum, Philosophical Magazine 4, pp. 396–402.
Wu, J., Zhou, C., Yu, J., Cao, H., Li, S., and Jia, W. (2014a). Design of infrared
surface plasmon resonance sensors based on graphene ribbon arrays, Optics
and Laser Technology 59, pp. 99 – 103.
September 16, 2016 0:13 Book Title... b2445 page 29
Bibliography 29
Wu, J.-Y., Gumbsand, G., and Lin, M.-F. (2014b). Combined effect of stacking
and magnetic field on plasmon excitations in bilayer graphene, Phys. Rev.
B 89, p. 165407.
Wu, L., Chu, H. S., Koh, W. S., and Li, E. P. (2010). Highly sensitive graphene
biosensors based on surface plasmon resonance, Opt. Express 18, pp. 14395
– 14400.
Xiao, S., Zhu, X., Li, B.-H., and Mortensen, N. A. (2016). Graphene-plasmon
polaritons: From fundamental properties to potential applications, Front.
Phys. 11, p. 117801.
Xu, G., Liu, J., Wang, Q., Hui, R., Chen, Z., Maroni, V. A., and Wu, J. (2012a).
Graphene: Plasmonic graphene transparent conductors, Adv. Mater. 24,
pp. 1521 – 4095.
Xu, W., Ling, X., Xiao, J., Dresselhaus, M. S., Kong, J., Xu, H., Liu, Z., and
Zhang, J. (2012b). Surface enhanced raman spectroscopy on a flat graphene
surface, Proceedings of the National Academy of Sciences 109, 24, pp. 9281–
9286.
Yamaguchi, T., Moriya, R., Inoue, Y., Morikawa, S., Masubuchi, S., Watanabe,
K., Taniguchi, T., and Machida, T. (2014). Tunneling transport in a few
monolayer-thick ws2/graphene heterojunction, Appl. Phys. Lett. 105, p.
223109.
Yan, H., Li, X., Chandra, B., Tulevski, G., Wu, Y., Freitag, M., Zhu, W.,
Avouris, P., and Xia, F. (2012a). Tunable infrared plasmonic devices us-
ing graphene/insulator stacks, Nature Nanotechnology 7, pp. 330–334.
Yan, H., Li, Z., Li, X., Zhu, W., Avouris, P., and Xia, F. (2012b). Infrared spec-
troscopy of tunable dirac terahertz magneto-plasmons in graphene, Nano
Lett. 12, pp. 3766–3771.
Yan, H., Low, T., Zhu, W., Wu, Y., Freitag, M., Li, X., Guinea, F., Avouris,
P., and Xia, F. (2013). Damping pathways of mid-infrared plasmons in
graphene nanostructures, Nat. Photonics 7, pp. 394–399.
Yan, H., Xia, F., Li, Z., and Avouris, P. (2012c). Plasmonics of coupled graphene
micro-structures, New J. Phys. 14, p. 125001.
Yao, Y., Kats, M. A., Genevet, P., Yu, N., Song, Y., Kong, J., and Capasso,
F. (2013). Broad electrical tuning of graphene-loaded plasmonic antennas,
Nano Lett. 13, pp. 1257–1264.
Yeung, K. Y. M., Chee, J., Yoon, H., Song, Y., Kong, J., and Ham, D. (2014).
Far-infrared graphene plasmonic crystals for plasmonic band engineering,
Nano Lett. 14, pp. 2479–2484.
Yin, P. T., Kim, T.-H., Choi, J.-W., and Lee, K.-B. (2013). Prospects for
graphene-nanoparticle-based hybrid sensors, Phys. Chem. Chem. Phys. 15,
pp. 12785 – 12799.
Yusoff, A. R. B. M. (2014). Graphene Optoelectronics: Synthesis, Characteriza-
tion, Properties, and Applications (Wiley).
Zeng, S., Hu, S., Xia, J., Anderson, T., Dinh, X.-Q., Meng, X.-M., Coquet, P.,
and Yong, K.-T. (2015). Graphene-mos2 hybrid nanostructures enhanced
surface plasmon resonance biosensors, Sensors and Actuators B: Chemical
207, pp. 801–810.
September 16, 2016 0:13 Book Title... b2445 page 30
30 Book Title
Zenneck, J. (1907). Uber die fortpflanztmg ebener elektro-magnetischer wellen
langs einer ebenen leiterflache und ihre beziehung zur drahtlosen telegra-
phie, Annalen der Physik 23, pp. 846–866.
Zhan, T., Han, D., Hu, X., Liu, X., Chui, S.-T., and Zi, J. (2014). Tunable
terahertz radiation from graphene induced by moving electrons, Phys. Rev.
B 89, p. 245434.
Zhang, J., Sun, Y., Xu, B., Zhang, H., Gao, Y., Zhang, H., and Song, D. (2013).
A novel surface plasmon resonance biosensor based on graphene oxide dec-
orated with gold nanorod-antibody conjugates for determination of trans-
ferrin, Biosensors and Bioelectronics 45, pp. 230 – 236.
Zhang, J., Xiao, S., Wubs, M., and Mortensen, N. A. (2011). Surface plasmon
wave adapter designed with transformation optics, ACS Nano 5, pp. 4359–
4364.
Zhang, Q., Li, X., Hossain, M. M., Xue, Y., Zhang, J., Song, J., Liu, J., Turner,
M. D., Fan, S., Bao, Q., and Gu, M. (2014). Graphene surface plasmons at
the near-infrared optical regime, Scientific Reports 4, p. 6559.
Zhao, Y., Chen, G., Du, Y., Xu, J., Wu, S., Qu, Y., and Zhu, Y. (2014).
Plasmonic-enhanced raman scattering of graphene on growth substrates
and its application in sers, Nanoscale 6, pp. 13754 – 13760.
Zhao, Y., Hu, X., Chen, G., Zhang, X., Tan, Z., Chen, J., Ruoff, R. S., Zhu,
Y., and Lu, Y. (2013). Infrared biosensors based on graphene plasmonics:
modeling, Phys. Chem. Chem. Phys. 15, pp. 17118 – 17125.
Zheng, Y. B., Kiraly, B., Weiss, P. S., and Huang, T. J. (2012). Molecular plas-
monics for biology and nanomedicine, Nanomedicine 7, pp. 751 – 770.
Zhu, J., Liu, Q. H., and Lin, T. (2013a). Manipulating light absorption of
graphene using plasmonic nanoparticles, Nanoscale 5, pp. 7785 – 7789.
Zhu, X., Shi, L., Schmidt, M. S., Boisen, A., Hansen, O., Zi, J., Xiao, S., and
Mortensen, N. A. (2013b). Enhanced light–matter interactions in graphene-
covered gold nanovoid arrays, Nano Lett. 13, pp. 4690–4696.
Zhu, X., Wang, W., Yan, W., Larsen, M. B., Bøggild, P., Pedersen, T. G., Xiao,
S., Zi, J., and Mortensen, N. A. (2014). Plasmon-phonon coupling in large-
area graphene dot and antidot arrays fabricated by nanosphere lithography,
Nano Lett. 14, pp. 2907 – 2913.
Zhu, X., Yan, W., Uhd Jepsen, P., Hansen, O., Asger Mortensen, N., and Xiao,
S. (2013c). Experimental observation of plasmons in a graphene monolayer
resting on a two-dimensional subwavelength silicon grating, Appl. Phys.
Lett. 102, p. 131101.
September 16, 2016 0:13 Book Title... b2445 page 31
September 16, 2016 0:13 Book Title... b2445 page 32
September 16, 2016 0:13 Book Title... b2445 page 33
